Polygalacturonate 4-a-galacturonosyltransferase (GalA T) activity was detected in the microsomal fraction isolated from pumpkin (Cucurbia moschata Duchesne, cv. TokyouKabocha) seedlings using UDP-GalA and 2-aminobenzamide (2AB)-labeled oligogalacturonides. A 2AB-labeled undecagalacturonide was elongated by the attachment of galacturonic acid (GalA) residues to give 2AB-labeled oligogalacturonides with a degree of polymerization (DP) beetween 12 and 17. Exogenous 2AB-labeled oligogalacturonide acceptors with a DP >3 are effective acceptor molecules for pumpkin GalA T.
Pectin is a family of structurally complex anionic polysaccharides present in the primary cell walls (O'Neill et al. 1990, Carpita and Gibeau 1993) . These polysaccharides account for between 20 and 35% of the walls of dicots, non-graminaceous monocots and gymnosperms, but only 10% of the primary walls of the gramineae (Fry 1985 , O'Neill et al. 1990 ). Three polysaccharides, homogalacturonan (HGA), rhamnogalacturonan I (RG-I) and rhamnogalacturonan II (RG-II) are present in all pectins (O'Neill et al. 1990 ). Other pectic polysaccharides including xylogalacturonan (Bouveng 1965 , Schols et al. 1995 , Kikuchi et al. 1996 , Yu and Mort 1996 and apiogalacturonan (Hart and Kindel 1970) are also present in some plants.
HGA which may account for up to 60% of pectin in the dicot primary wall, is a linear homopolymer composed of 1,4-linked a-D-GalpA residues. Some of these residues may be partially methylesterified at C-6 (Mort et al. 1993 ) and may also be partially O-acetylated at C-2 and C-3 (Rombouts and Thibault 1986 , Ishii 1995 , Ishii 1998 .
The biosynthesis of HGA, RG-I and RG-II, is likely to require at least 41 unique glycosyl transferases (reviewed in Mohnen 1999) . Several transferases involved in the biosynthesis of pectin have been identified (reviewed in Mohnen 1999 , Ridley et al. 2001 . However, none of these enzymes have been purified to homogeneity, nor have any of their genes been cloned. HGA is synthesized by polygalacturonate 4-a-galacturonosyltransferase (GalA T; EC 2.4.1.43). In previous work GalA T activity in intact particulate fractions and solubilized microsomal membranes has been determined by following the transfer of [
GalA to endogenous acceptors and exogenous oligogalacturonides (reviewed in Mohnen 1999 , Ridley et al. 2001 ). We prepared 2-aminobenzamide (2AB)-labeled pectin oligosaccharides and structurally characterized them by NMR spectroscopy and showed that 2AB-labeled derivatives were substrates for pectin degrading and synthesizing enzymes (Ishii et al. 2002) . We now describe an assay for GalA T using non-radiolabeled UDP-GalA and 2AB-labeled oligogalacturonides. The products that are formed are separated by high-performance anion exchange chromatography (HPAEC) using an alkaline NaNO 3 gradient and detected with a fluorescent detector. Scheller et al. (1999) have reported that GalA T transfers GalA from UDP-GalA onto the non-reducing end of oligogalacturonides and homogalacturonan. Thus, we anticipated that 2AB-labeled oligogalacturonides would be suitable for detecting oligogalacturonides that were formed by the action of GalA T. HPAEC showed that GalA 12 -and GalA 13 -2AB were generated when the microsomal fraction from pumpkin seedlings was incubated for 20 min with UDP-GalA and GalA 11 -2AB (Fig. 1) . To ensure that the newly observed peaks resulted from the transfer of GalA residues from UDP-GalA by the action of GalA T, control experiments included reactions in the absence of microsomes or with heat-denatured microsomes, and reactions without UDP-GalA, or without GalA 11 -2AB. No peak appeared in the range above GalA 12 -2AB in these control experiments. No oligogalacturonide-contaminating peaks were observed when the microsomal fraction was incubated in the absence of the 2AB-labeled substrate. Prolonged incubation (120 min) led to the appearance of GalA 13 -2AB to GalA 17 -2AB ( Fig. 1, 2) . Comparable results were also obtained when the assay mixture contained increased amounts of membrane protein and higher concentrations of either UDP-GalA or GalA 11 -2AB. It should be noted that under the standard assay conditions described here, the increase in GalA 10 -2AB with increasing reaction time ( Fig. 1 ) is likely to result from the presence in the microsomal fraction of polygalacturonase activity that fragments both the GalA 11 -2AB acceptor and the GalA 11+n -2AB transfer products.
The data obtained for the transfer of GalA residues to GalA 11 -2AB in the standard reaction mixture indicate that the reaction proceeds linearly for 40 min (Fig. 2) . Enzyme activity was found to increase proportionally with the amount of protein up to 96 mg under an incubation time of 30 min. The specific activity of GalA T was, depending on the microsomal preparation, typically in the range 3,000-4,000 pmol min -1 (mg protein) -1 . It is likely that the presence of endogenous polygalacturonases in the microsomes degrades the enzyme products and appreciably reduces the apparent enzyme activity, especially with long incubation times or high amounts of protein.
In order to identify the transfer products, the products that had elution times corresponding to authentic GalA 12 -2AB, GalA 13 -2AB, GalA 14 -2AB, GalA 15 -2AB, and GalA 16 -2AB ( Fig. 1) was hydrolyzed with endo-polygalacturonase (EPG) and exo-polygalacturonase. HPAEC analysis of the reaction products that had been treated with a fungal EPG and exopolygalacturonase showed that GalA 2 -2AB, GalA 3 -2AB (Fig.   3A ) and GalA-2AB (Fig. 3B) were the sole hydrolysis products, respectively, indicating that the newly attached GalA residues were a-1,4 linked.
GalA T activity was measured under the standard assay conditions using buffers with pH values between 5.5 and 9.0 to clarify the properties of GalA T. The results indicate maximum activity between pH 6.75 and 7.25. This range is comparable to the pH range of 6.3-7.0 reported previously for GalA T from mung bean seedlings (Villemez et al. 1965) , pH 7.8 and 6.3-7.8 for intact and solubilized membranes, respectively, from suspension-cultured tobacco cells (Doong et al. 1995, Doong and Mohnen 1998) , and pH 6.8-7.8 for azuki bean (Takeuchi and Tsumuraya 2001) . Enzyme activity was found to be maximal between 25 and 35°C when incubated at various temperatures (15-45°C) for 30 min.
Previous works showed that oligogalacturonides with a degree of polymerization (DP) 10 were effective. We tested whether 2AB GalA and 2AB-labeled oligogalacturonides with different DPs ranging from 2 to 14 had the ability to be acceptor substrates for GalA T. Enzyme activity increased with increasing chain length of acceptors. For example, there was a 58-fold higher activity for GalA 14 -2AB (5,800 pmol reaction mixture -1 ) than for GalA 3 -2AB (106 pmol reaction mixture -1 ) (Fig. 4) . GalA-2AB and GalA 2 -2AB were not effective acceptor molecules. This may be due to the loss of the pyranose ring when the GalA at the reducing terminus is coupled with 2-AB by reductive amination.
The effect of the concentration of GalA 10 -2AB acceptor on GalA T activity was examined. The apparent K m and V max Fig. 1 HPAE chromatogram of the reaction mixture. The microsome fraction (protein 36 mg) from pumpkin (Cucurbia moschata) seedling was incubated in reaction mixture (30 ml) containing 0.4 mM UDPGalA, 0.5 mM GalA 11 -2AB, and the same concentrations of other components as the standard assay mixture at 30°C for varying times (0-120 min). Numbers on the each peak top indicate the DPs of 2AB-labeled oligogalacturonides. , respectively, are somewhat higher than those reported for acidsoluble polygalacturonic acid (Takeuchi and Tsumuraya 2001) . The result of varying the concentration of UDP-GalA on GalA T activity with GalA 10 -2AB as an acceptor gave a K m value (0.7 mM) and V max 7,000. The K m value (0.7 mM) of pumpkin seedling GalA T for UDP-GalA is comparable with the K m value (0.77 mM) for sycamore GalA T (Bolwell et al. 1985) , but higher than the K m (0.14 mM) for azuki GalA T (Takeuchi and Tsumuraya 2001) .
We have described an assay using non-radiolabeled UDPGalA for monitoring the GalA T-catalyzed transfer of GalA residues onto exogenous 2AB-labeled a-(1®4)-oligogalacturonides. The 2AB-labeled oligogalacturonides are detected at pmol concentrations by fluorescent detection. Moreover, 2AB-labeled oligogalacturonides of DP 1-20 are separated within 25 min using HPAEC with a NaNO 3 gradient in NaOH. This is more rapid and gives sharper peaks than HPAEC performed with alkaline NaOAc gradients (Ishii et al. 2002) . Our data (Fig. 1) show that the GalA T in pumpkin epicotyl microsomes sequentially transfers up to five GalA residues onto GalA 11 -2AB. GalA 14 -2AB was the most efficient acceptor among 2AB-labeled oligogalacturonides tested (Fig. 4) . The activity of GalA increased with oligogalacturonides of increasing DP. Our present results showed that GalA 3 -2AB is the minimum size for an exogenous acceptor. Previous studies showed that oligogalacturonides of DPs 12-15 gave maximum stimulation of GalA T activity while smaller oligomers gave less or no stimulation (Doong and Mohnen 1998) . Such differences may reflect differences in the assay system used. The method described here is useful for determining GalA T activity in membrane fractions and in recombinant proteins generated when GalA T genes are isolated and expressed.
Pumpkin (Cucurbia moschata Duchesne, cv TokyoKabocha) seeds were purchased from Sakata Seed Company (Yokohama, Japan). Aspergillus niger EPG (EC 3.2.1.15) was obtained from Megazyme, Wicklow, Ireland (1 unit releases 1 mmol of reducing sugar min -1 from a 1% [w/v] solution of polygalacturonan at pH 5.0 and 25°C). Exo-polygalacturonase was gift from Carl Bergmann (Complex Carbohydrate Research Center, Athens, GA, U.S.A.). UDP-GalA was prepared by oxidation of UDP-Gal using galactose oxidase and catalase as described by Basu et al. (2000) . HEPES, MES, Tris, and EGTA were obtained from Dojindo Laboratories, Kumamoto, Japan.
Protein was determined using the Bio-Rad (Hercules, CA, U.S.A.) DC micro plate protein assay according to the manufacturer's instructions. The 2AB-labeled oligogalacturonides were separated by HPAEC using a Dionex DX-500 fitted with a Carbo Pac PA-1 column (250´4 mm) and with a Shimadzu fluorescence detector model RF-10A. Fluorescence in the eluent was monitored at 330 nm (excitation) and 420 nm (emission). Oligogalacturonides with various DPs were separated using a NaNO 3 gradient in 100 mM NaOH (1 ml min -1 ). The NaNO 3 gradient was produced by mixing 100 mM NaOH (eluent A) with 300 mM NaNO 3 in 100 mM NaOH (eluent B) using the following eluent B concentrations: 40% at 0-2 min, 65% at 25 min, 90% at 60 min, 100% at 60.1 and 100% 65 min. Fig. 3 HPAE chromatogram of the EPG (A) and exo-polygalacturonase (B) digest of the reaction mixture. Numbers on the each peak top indicate the DPs of 2AB-labeled oligogalacturonides. 2AB galacturonic acid (DP 1) was eluted between 2AB digalacturonic acid (DP 2) and 2AB trigalacturonic acid (DP 3) under the conditions used. Fig. 4 Effects on DP of oligogalacturonides on GalA T activity. The enzyme activity was measured under standard assay conditions by incubation of the microsomes (protein 36 mg) with 2AB-oligogalacturonides having different DP for 40 min at 30°C. Total activity was calculated based on the sum of the peak intensities of newly formed transfer products.
2AB-labeled galacturonic acid and oligogalacturonides with DPs between 2 and 14 were prepared and purified as described (Ishii et al. 2002) .
Pumpkin seeds were grown in the dark at 25°C on moist rock fiber (Nittobo, Tokyo, Japan). After 7 d, the etiolated epicotyls segments (length 5-6 cm and average fresh weight 0.5 g) were harvested. The microsomal fraction was then prepared using the procedure described by Takeuchi and Tsumuraya (2001) . The yield of crude membrane protein was about 0.2-0.22 mg (g FW) -1 . The microsmal fraction was stored at -80°C.
The activity of GalA T was assayed at 30°C for 30 min in a standard reaction mixture (total volume, 30 ml) slightly modified conditions described in Takeuchi and Tsumuraya (2001) . Briefly, it contained 0.4 mM UDP-GalA, 0.5 mM 2AB-labeled oligogalacturonides (DP n), 50 mM MES-KOH buffer, pH 6.8, 0.5% (w/v) Triton X-100, 5 mM MnCl 2 , 6% (w/v) sucrose, 0.5% (w/v) BSA, and the microsomal fraction (protein content, 36-40 mg). The reaction was terminated by adding acetic acid (0.3 M, 30 ml) and the mixture boiled for 30 s. The mixture was then centrifuged for 1 min at 12,000 rpm. Aliquots (4 ml) of the soluble fraction were analyzed by HPAEC and monitored for fluorescence. To assess the total number of GalA residues added to the products (GalAn), the areas of each peak for 2AB labeled GalA n+1 , GalA n+2 , GalA n+3 , GalA n+4 and so on were estimated and multiplied by 1, 2, 3, 4, and etc, respectively; the appearance of GalA n+1 , GalA n+2 , GalA n+3 , GalA n+4 and so on, depended on reaction conditions. Enzyme activity was expressed as pmol GalA transferred min -1 (mg protein)
based on the curves of 2AB-labeled oligogalacturonides of DP 10, 11, 12 and 13 as the calibration standard. The molar response of the 2AB-derivatized oligogalacturonides with DPs between 10 and 13 were comparable. A linear response was obtained for concentrations varying from 0.5 to 500 pmol. All incubations were done at least in duplicate and the mean values were recorded. The products generated by reacting UDP-GalA and 2AB-labeled oligogalacturonides in the presence of the microsomal fraction were treated for 16 h at room temp with EPG (2 units), or exo-polygalacturonase (1 unit). The mixtures were boiled for 1 min and the products then analyzed by HPAEC.
